The evolution of the sheet resistance (R s ) in δ-doped layers in GaAs during He ion irradiation was investigated. The R s increases with the dose accumulation in a similar way that occurs in layers with much wider dopant profiles, produced either by ion implantation or epi-growth. The R s becomes higher than 10 9 /sq after the so-called threshold dose (D th ) is accumulated. The values of D th closely correlate with the ratio of the estimated number of replacement collisions at the depth of the δ-doped layer and the original sheet hole concentration. The maximum thermal stability of the isolation, i.e. the persistence of R s at values above 10 9 /sq after a subsequent thermal annealing is of about 550-600
Introduction
The semiconductor layers with dopant distribution narrower than the electron de Broglie wavelength are known as δ-doped layers. δ-doping in III-V compound semiconductors is now widely used in semiconductor basic research and device applications. The δ-doping spatially confines the dopants to ≈ one atomic layer during epitaxial growth [1, 2] . The extremely sharp dopant profiles are produced by the interruption of the epitaxial crystal growth, deposition of dopant atoms on the semiconductor surface and by resumption of the semiconductor growth. The effects of δ-doping on the carrier transport properties have been extensively investigated, both experimentally and theoretically [3, 4] . δ-doping is used in high electron mobility transistor structures to increase the electron density and mobility of the two-dimensional electron gas in the modulation doped quantum wells [5, 6] , to increase channel drift velocity [7] and consequently to improve ultrahigh frequency device performance. The dopant can be either n-or p-type. Due to the potential induced by the dopants, the electrons or holes can be confined to a narrow doping region to form two-dimensional electron or hole gas, and the confined states are formed in the doping-induced potential well. Alternating n-and p-type δ-doping has been used to form superlattices, and this technique is well known to reduce the inter-band transition energy below the band gap of the host materials because of the Stark shift induced by the internal field of the δ-doped layers [1] . Many theoretical works [8] [9] [10] have investigated the electronic structure of such superlattices by self-consistent calculation and the model has been confirmed by photoluminescence measurements in GaAs [11] [12] [13] . Examples of device application are the high transconductance GaAs field effect transistors (MESFETs) and the tunable GaAs lasers using superlattices formed by alternated n-type and p-type δ-doped layers [14] .
Taking into account that δ-doped structures are potentially applicable to generate high performance integrated circuit and discreet semiconductor devices, it is important from the scientific and technological point of view to investigate the electrical isolation formation in these structures by ion irradiation.
The isolation formation in n-type and p-type GaAs layers by light ion irradiation and the thermal stability of the isolation during post-irradiation thermal annealing were discussed in detail in previous publications [15] [16] [17] . However, considering the extremely high gradients of the dopant distribution and the mechanical stresses on the layer-matrix interface present in the δ-doped structures, some peculiarities in the damage formation and annealing should occur during the ion irradiation process.
This work presents results of a study of the isolation formation via helium ion bombardment of p-type δ-doped GaAs structures, grown using carbon as acceptor atoms. The thermal stability of the electrical isolation during post-irradiation annealing was verified, using rapid thermal annealing. Hall effect measurements were used to extract the mobility and sheet carrier concentration of the layers.
Experimental details
The epitaxial structures were fabricated on (1 0 0) semiinsulating (SI) GaAs substrates by MOCVD in a horizontal quartz reactor at atmospheric pressure, using Ga(CH 3 ) 3 and AsH 3 as precursors. The sample preparation started with the deposition of an undoped GaAs epi-layer on the SI GaAs substrate. The growth process was suspended after the thickness reached 0.15 µm. Then CCl 4 was introduced in the reactor chamber for the deposition of C dopant atoms on the surface of the undoped layers. After the formation of the δ-shape profile of C, the epitaxial growth was resumed for the deposition of a second undoped GaAs layer with a thickness of 0.15 µm.
The temperature of the substrate was maintained at 590
• C. The preparation of the samples was realized at the Physico-Technical Research Institute of Nizhny Novgorod State University, Russia.
A set of 8 samples with different C concentrations were grown. An important parameter in characterizing a δ-doped layer is the total sheet dopant concentration. Table 1 presents the electrical characteristics of the prepared samples, obtained by room temperature Hall effect measurements: sheet resistance (R s ), sheet carrier concentration (p s ) and effective Hall mobility (µ). The samples were labelled with numbers between 1 and 8 and the measured sheet hole concentrations varied by three orders of magnitude from 3.54 × 10 11 to 1.58 × 10 14 cm −2 . Two types of devices were used for the ion irradiation experiments: 3 × 6 mm 2 rectangular resistors and 6 × 6 mm 2 van der Pauw devices. The resistors had the ohmic contacts performed by manually applying indium strips (≈0.5 mm wide, 3 mm long), approximately 5 mm apart, and sintering at ≈250
• C for 3 min. The contacts to the Van der Pauw devices were indium dots applied to the corners and sintering in the same manner. The indium layers formed a mask which prevented the ion irradiation of the underneath GaAs regions.
The He + irradiations were performed at room temperature with beam current densities lower than 0.5 µA cm −2 using the HVEE 500 kV accelerator at UFRGS, Porto Alegre, Brazil. The sample surface normal was tilted by 13
• with respect to the beam incidence direction to minimize ion channelling effects. The ion energy of 80 keV for most of the experiments was chosen to place the damage peak deeper than the depth of the δ-doped layer.
In a first series of experiments the R s values were measured in the resistors after every irradiation step of the dose accumulation. In a second series, the irradiation of the samples (resistors and Hall devices) was performed in a single dose step, and the devices were used in the study of the thermal stability of isolation. The post-irradiation rapid thermal annealing cycles were conducted in the temperature range from 100 to 650
• C, in Ar atmosphere for a fixed time of 60 s. The R s measurements were performed always in the dark using a Keithley 617 electrometer.
Isolation by ion bombardment
The evolution of R s during the accumulation of 80 keV He + dose in all used samples is presented in figure 1. For this He energy the depth of the peak of the nuclear stopping profile (0.39 µm) is located beyond the depth of the δ-layer (x m = 0.15 µm). The R s versus dose curves resembles those obtained in thicker doped conductive layers [17, 18] or δ-doped n-type layer [19] .
In the first region the implanted dose is too small to provoke sheet resistance changes. In the second region, R s increases with the increase in the dose, reaching a level of ≈1 × 10 10 /sq when the dose D th named threshold dose for isolation has been accumulated. As noted in [17] , the increase of R s is caused by carrier capturing by antisite related defects and mobility degradation, due to coulomb scattering enhancement.
The third region (plateaus for curves 1 and 2) corresponds to the situation where no carriers are available for conduction in the irradiated layer. The sheet resistance of the irradiated structure in this region is dictated by a conduction of the semiinsulating substrate [17] . The conduction of the ion irradiated layer diminishes to the values significantly below the substrate conduction connected in parallel.
The trailing edge of dose dependence, the fourth region where the decrease in R s is observed, is related to the formation of the highly damaged layer in the vicinity of the radiation defect distribution maximum, as discussed in [16] . The electrical resistivity of this layer is dictated by an inter-defect (hopping) conduction, when the average distance between lattice point defects reduces. The onset of the hopping part may be characterized by the dose D h which results in the decrease in sheet resistance. Then the value of D h is equal to ≈1 × 10 13 cm −2 for He + ions with energy of 80 keV. D h does not depend on initial free carrier concentration, because it is related to lattice defects on the maximum of the damage distribution profile, which for the chosen energy is far from dopants and free holes (see 80 keV defect profile in figure 3) .
It is seen from figure 1 that the region of hopping conduction starts before plateau formation for the samples 3 to 8. This is due to the fact that the threshold dose D th is proportional to the free carrier concentration, but the hopping dose D h is constant. In this way for higher sheet carrier concentrations D th is higher than D h . In these cases, the R s starts to decrease before reaching the plateau region.
As it was not possible to extract the threshold doses D th for all the samples from figure 1 we have compared the irradiated doses (named D x ) to reach a R s value of 1 × 10 7 /sq (see the horizontal straight line in figure 1 ). The relation between these doses and the initial sheet carrier concentration is shown in figure 2 . The experimental points do not form a line parallel to the dashed line of D x versus p x direct proportion. This observation can be explained with different δ-layer thicknesses for low and high doped samples, as D th is proportional to the volume concentration. If the effective thickness of the δ-layers is not the same, the volume carrier concentration is not proportional to the sheet carrier concentration.
As revealed in [16] , the process of the doped layer isolation is governed essentially by the formation of the antisites As Ga and Ga As during ion irradiation. Let us suppose that a density of antisites As Ga , which are donor-like and are responsible for the compensation in p-type layers, is proportional to the density of the replacement collisions. The simulations by the TRIM code [20] permit the estimation of total concentration of the replacement collisions. We have shown in figure 3 the depth distributions of defects created in GaAs during bombardment with He + ions at four different energies: 20, 30, 80 and 160 keV. It is clearly seen that for 80 and 160 keV the maximum of the created defects is positioned below the δ-doped layer. At 30 keV the peak of the defects coincides with the δ-layer. Figure 4 presents the sheet resistance of a high sheet concentration sample as a function of the accumulated He + dose for different irradiation energies. As expected from the curves shown in figure 3 , the maximum sheet resistance is obtained at an energy of 30 keV, which value is almost 1×10 8 /sq, compared with the maximum, obtained at 80 keV (2 × 10 7 /sq). The ratio between these two values is more or less the same as the defect concentration ratio at δ-layer depth for both energies. The interesting feature in figure 4 is that the hopping effect conductivity is marginally dependent on the irradiated energy, due to the weak variation in the peak defect concentration as a function of the energy.
Hall effect measurements have been performed in sample 4 implanted with 80 keV He + ions to a dose of 2 × 10 12 cm −2 (∼0.2D th ). The sheet resistance was changed from 2.5 × 10 3 to 35.8 × 10 3 /sq, the sheet hole concentration from 1.8 × 10 13 cm −2 to 6.8 × 10 12 cm −2 and the effective mobility from Figure 5 presents the sheet resistance variation as a function of the irradiated He + dose for samples 2, 3 and 8 (see table 1 ). The arrows mark the selected points for thermal stability experiments. He + doses were accumulated in one step implantation and the corresponding values are summarized in table 2. Figure 6 presents the evolution of R s due to postirradiation isochronal annealing of the samples. The upper boundary of the thermal stability (T sm ) increases with the increase in the ion dose. Here, T sm is taken as the temperature of annealing which results in a reduction of the sheet resistance to 10 9 /sq. The T sm values of sample 2 ( figure 6(a) ) are equal to 450 and 600
Thermal stability of isolation
• C for the ion doses of 1.5 × 10 12 and 1.5 × 10 13 cm −2 , which correspond to 1.5D th and 15D th , respectively. Not implanted and annealed samples 2 and 8 ( figure 6(a) and (c) ) are shown as a reference, just to prove that any kind of deterioration of the free carriers during the annealing process has not been observed. • C (see figure 6(b) ). A further increase in temperature leads to a saturation of the R s value and the isolation starts to deteriorate at temperatures higher than 200
• C. The same behaviour is observed for the sample 3, irradiated up to a dose of 4.7 × 10 12 cm −2 (0.47D th ), but the sheet resistance values for all temperatures are higher due to the higher concentration of defects that must be annealed in this case.
Thermal stability of sample 8 for doses 0.54D th , 0.72D th and D th is more or less the same (150-200
• C). If the structure has been irradiated with a dose greater than D h , a monotonic rise in the sheet resistance occurs as result of the annealing in the range 100-500
• C ( figure 6(c) ). The improvement in the isolation with temperature is due to the decrease in hopping probability as result of the defect annealing. After a postirradiation annealing at 500
• C a high degree of the isolation was attained and the resistivity was enhanced by 3 orders of magnitude. In this case a benefit of the thermal stability can be obtained, but an additional annealing is necessary (here, at the temperature of ∼500
• C) to reach the high values of R s .
Conclusions
This work presents a study of the isolation formation via helium ion bombardment of p-type δ-doped GaAs structures, grown using carbon as acceptor atoms. The threshold dose, needed for the isolation is determined by both the initial hole concentration and the number of the replacement collisions per ion at the depth corresponding to the δ-doped layer position. The ion energy for the isolation should be properly chosen with regard to the depth of the doped layer. The dose D h of the inter-defect conduction onset is defined by the mass and energy of ions and does not depend on dopant concentration. The thermal stability of the isolation increases with the increase in the ion irradiation dose. It is appropriate to choose the irradiation dose of ≈D h for the isolation of doped structures. The maximum temperature, which retains the high resistance of the irradiated δ-doped structures, is 550-600
• C.
